Background. This study was performed to characterize the epidemiology, management, and outcomes of skin and soft tissue infection (SSTI) and colonization due to carbapenem-resistant Enterobacteriaceae (CRE).
The management of wounds may be associated with acquisition or emergence of resistance among bacteria that infect or colonize these wounds [1] [2] [3] . Often, chronic wounds occur in patients who are already at increased risk for carriage of multidrug-resistant organisms (MDROs), due to the presence of comorbid conditions as well as frequent exposures to healthcare systems and antimicrobials [1] . Furthermore, chronic wounds can foster the emergence and persistence of MDROs due to poor vascular supply and biofilm production, which limits the ability of antimicrobials to achieve therapeutic concentrations within the wound microbiome [3] [4] [5] .
Carbapenem-resistant Enterobacteriaceae (CRE) are recognized by the US Centers for Diseases Control and Prevention (CDC) to be an urgent public health threat [6] . Carbapenemresistant Enterobacteriaceae are reported to be important pathogens in wound infection in several regions including in the Middle East, Asia, and South and North America [7] [8] [9] [10] . In addition to fostering the growth of bacteria and emergence of resistance, bacterial wound infection itself impedes the healing process [2, 11] . Given the limited antimicrobial options for treatment of CRE, wound infections caused by CRE may be particularly challenging to manage.
Surgical debridement has an important role in the therapeutic management of infected wounds. Debridement involves removing necrotic tissue and improving vascular supply, as well as lowering the burden of pathogens and their associated biofilm [12] . Wound debridement has been shown to improve wound healing [1, [12] [13] [14] [15] , and it might be particularly crucial for the treatment of soft tissue infections (SSTIs) due to CRE, where medical treatment options are limited. To date, the impact of surgical intervention is not yet described in patients with complex SSTIs due to CRE.
The objectives of this study were to characterize the epidemiology and management of patients with SSTI and/or colonization due to CRE in a US clinical consortium. In addition, predictors of outcome, surgical intervention, and debridement were assessed. Our analyses in this chronically ill and debilitated population uncovered unexpected findings regarding surgical interventions and outcomes.
METHODS

Study Design, Setting, and Variables
The Consortium on Resistance Against Carbapenem in Klebsiella pneumoniae and Other Enterobacteriaceae (CRACKLE) is a prospective multicenter consortium that includes the participation of 18 hospitals that are part of 8 healthcare systems predominantly located in the Great Lakes region of the United States [16] . Initially, the consortium included patients with only carbapenem-resistant K pneumoniae (CRKP). Since October 2014, other CRE species were also included.
This study evaluated a nested cohort within the CRACKLE-1 consortium cohort. All hospitalized patients between December 2011 and February 2016 who had skin or soft tissue (wound) cultures growing CRE were included. Each patient was included once at the time of their first CRE-positive wound culture. Patients were evaluated for the presence of SSTI. One type of SSTI was surgical site infection (SSI). Cultures derived from surgical wounds were defined as a SSI when they met CDC/ National Healthcare Safety Network criteria [17] . The other type of SSTI was infection present in nonsurgical wounds, which was determined to be present when there was a positive wound culture, documentation of infection by the treating physician, as well as an evidence of inflammation on the day of positive culture (defined as an abnormal white blood cell count [>10 000 or <4000 cells/µL] and/or abnormal body temperature [>99.5°F or <96°F]). Surgical and nonsurgical wound cultures that did not meet criteria for infection were categorized as colonizers.
Data pertaining to patients' demographics and comorbid conditions, including Charlson's score index [18] , admission source, discharge disposition, as well as antimicrobial treatment, antimicrobial susceptibilities of CRE, Pitt bacteremia score at the day of positive culture (which has been previously been validated as a predictor of mortality in patients with CRKP infections) [16, 19, 20] , and surgical interventions were prospectively collected. Number of effective antimicrobial agents administered was captured. Ceftazidime-avibactam, tigecycline, and colistin were assumed to be effective when in vitro susceptibility was not available. Long-term care facility (LTCF) included both long-term acute care (LTAC) and skilled nursing home (SNF). Clinical outcomes that were collected included in-hospital mortality, duration of hospitalization, and discharge disposition categorized as "worsened". Worsened discharge disposition was defined as surviving patients who were discharged to a location that was associated with requiring "more intensive care" compared with their admission source (eg, home to an LTCF, home to other hospital, LTCF to hospital, SNF to LTAC). The Institutional Review Boards of all of the healthcare systems involved approved this study.
Microbiology
Carbapenem-resistant Enterobacteriaceae was defined, according to the Clinical and Laboratory Standard Institute (CLSI) guidelines [21] , as Enterobacteriaceae resistant to 1 or more of the following carbapenems: imipenem, meropenem, or ertapenem. Bacterial identification and routine antimicrobial susceptibilities were performed using MicroScan (Siemens Healthcare Diagnostics) or Vitek 2 (bioMérieux) supplemented by a GN4F Sensititre tray (Thermo Fisher Scientific) to confirm carbapenem susceptibility results.
Detection of Carbapenemase Genes in Carbapenem-Resistant Enterobacteriaceae and Strain Typing
Carbapenem-resistant Enterobacteriaceae-associated carbapenemase genes were detected by polymerase chain reaction (PCR) amplification of bla KPC , bla NDM, bla VIM , bla IMP , and bla OXA-48 genes using established primers as previously described [22] . For molecular typing of CRE, repetitive extragenic palindromic PCR (rep-PCR) were used to identify similarities among isolates. In brief, rep-PCR was conducted using the DiversiLab strain typing system (Bacterial BarCodes; bioMérieux, Athens, GA) isolates. Similarity of 95% or greater were considered to be of the same rep-PCR type [23, 24] . Multilocus sequence typing was performed on CRKP isolates from the predominant rep-PCR types, as previously described [25] .
Data Analysis
Risk Factor Analysis.
Risk factor analyses were conducted, including comparing patients who underwent surgical intervention with patients who did not require surgical intervention during the study period, using the Wilcoxon rank-sum test or Student's t test for continuous variables and Fisher's exact test or χ 2 test for dichotomous and nominal variables. Correlation coefficients were determined using the Pearson correlation coefficient. Multivariable risk factor analyses were performed using logistic regression, to identify predictors of surgical intervention.
To assess the independent effect of admission from an LTCF on the likelihood of undergoing surgical intervention, a propensity score predicting the likelihood of admission from an LTCF was computed by comparing patients admitted from LTCFs with those not admitted from LTCFs. A multivariable logistic regression was built, and a propensity score was developed by summing together the β-coefficients of variables in the model. To determine the independent impact of admission from an LTCF on surgical intervention, a multivariable logistic regression model predicting the likelihood of surgical intervention was constructed, and the propensity score and admission from an LTCF were analyzed as independent variables.
Outcomes Analysis.
Bivariable outcomes analyses were performed to evaluate the impact of surgical intervention on in-hospital mortality and worsened disposition using the statistical tests described above. For the latter outcome, only patients who survived were included in the analysis. In addition, predictors of in-hospital mortality were assessed, and associations between SSTI and outcomes (compared with colonization) were assessed in bivariable analysis.
Multivariable Modeling
For all multivariate analyses, variables with P < .2 in bivariable analysis were evaluated for inclusion in multivariable models. The final models included variables with P < .05. Confounding variables were defined as variables that changed the β-coefficient of one of the variables in the final model by 10% or more. Variables were evaluated for confounding and, if identified as confounders, were retained in the final model, regardless of their P value. Multivariable analyses of in-hospital mortality and worsened disposition were performed using logistic regression; multivariable analysis of duration of hospitalization was performed using linear regression, after log transformation of this outcome variable. For multivariable predictors of log duration of hospitalization, the inverse natural log of the β-coefficients was calculated for variables in the final regression model and was referred to as the multiplicative effect (ME) [26] . P < .05 was considered to be statistically significant, and all P values were 2-sided.
RESULTS
Overall Cohort Description
One hundred forty-two patients were identified with positive soft tissue cultures for CRE (Table 1) , 138 (97%) of which were CRKP, 3 were carbapenem-resistant (CR) Enterobacter spp, and 1 was CR Citrobacter spp. Sixty-two (44%) patients met criteria for a diagnosis of SSTI and 80 (56%) were colonized. Characteristics of colonized and infected patients were similar, except that significantly more infected patients had postsurgical wounds than did colonized patients (41.9% and 21.3%, respectively; P = .01) (Supplementary Table 1 ), and that surgical intervention was more common in infected patients (see below). The mean age of patients was 61 years (±17 years), 48% were male, and 56% were white. The median Charlson's score was 3 (range, 0-9). Diabetes mellitus was documented in 55% of patients. Seventynine (56%) patients were admitted from an LTCF.
The most common wound type was a pressure ulcer (34%) followed by postoperative wound infection (SSI; 30%). Wounds were mostly located in the extremities (27%) followed by the sacrum (24%). The majority of cultures were poly-microbial (66%), and 44 (31%) patients had CRE from other sources, including urine, blood, and respiratory tract. Most of patients received antimicrobial treatment (73.9%), and approximately half of the subjects were treated with at least 1 antibiotic with in vitro efficacy. No significant differences in antibiotic treatment between colonized and infected patients were observed (Supplementary Table 1 ). The median duration of hospitalization was 2 days (0-9), 22 patients (15.5%) died in-hospital, and 41 (29%) had worsened discharge disposition.
Of the 142 cultures, 45 CRE isolates were available for molecular strain typing as well as carbapenemase gene determination. Carbapenemase genes were detected in 40 isolates, 21 (47%) of which had bla KPC-3 , and 19 (42%) had bla KPC-2 . Among K. pneumoniae isolates carrying bla KPC , the 2 predominant strain types were ST258B and ST258A (18 [40%] and 15 [33%], respectively) [16, 22] .
Surgical Intervention
Surgical debridement was performed in 68 patients (48%), half of whom (n = 34) underwent debridement in the operating room (Table 1) . Forty-three of 62 infected patients (69.3%) underwent surgical debridement of the wound in comparison to 25 of 80 (31.2%) colonized patients (P < .001).
Predictors of surgical intervention in the bivariable analysis are presented in Tables 1 and 2 . In multivariable analysis (Table 3) , independent predictors of surgical intervention included presence of SSI (odds ratio [OR], 9.60; 95% confidence interval [CI], 2.85-32.39) as well as SSTI without SSI (OR, 2.72; 95% CI, 1.13-6.53) (reference group for both was subjects without infection). Undergoing surgical intervention is less likely for those admitted from LTCF than those admitted from other sources (OR, 0.36; 95% CI, 0.18-0.71). This model was controlled for the confounding effects of isolating CRE from extremity wounds. In a subgroup analysis including only patients with SSTI (n = 62), admission from an LTCF remained associated with a decreased likelihood to undergo surgical debridement (OR, 0.18; 95% CI, 0.04-0.93).
Propensity-Adjusted Analysis of the Association Between Admission From a Long-Term Care Facility and Surgical Intervention
To further explore the association between admission from an LTCF and surgical intervention in the entire cohort, a propensity score was developed predicting the probability of being admitted from an LTCF. Variables associated with admission from an LTCF that were included in the propensity score included Charlson's score greater than 2, pressure ulcer wound type, polymicrobial culture, immunosuppression, and presence of SSI. In multivariable analysis controlling for the effects of propensity score, admission from an LTCF was no longer significantly associated with a decreased likelihood of undergoing surgical intervention (OR, 0.49; 95% CI, 0.22-1.11; P = .09).
Outcomes and Surgical Intervention
Mortality and Worsened Discharge Disposition
Twenty-two (15.5%) patients died during hospitalization, and 41 patients (34% of those subjects who survived) required higher level of supportive care when they were discharged, compared with the care they required before admission.
In bivariable analysis, predictors of in hospital mortality included immunosuppression (OR, 8.38; 95% CI, 2.82-24.90), Pitt score greater than 3 (OR, 8.18; 95% CI, 2.93-22.87), and prolonged duration of hospitalization before the first positive culture (median durations of 1 day, interquartile range [IQR] = 0-7 for survivors, and 15 days, IQR = 2-41 for those who died; P < .0001). Patients who were admitted from an LCTF were less likely to die (OR, 0.30; 95% CI, 0.11-0.80).
Associations between surgical intervention and in-hospital mortality and between surgical intervention and worsened disposition at discharge in were not observed (OR = 1.14, 95% CI, 0.46-2.85 and OR = 0.73, 95% CI, 0.34-1.56, respectively in bivariable analyses). In a subgroup analysis of patients with SSTI (N = 62), surgical intervention was not associated with in-hospital mortality (OR, 1.05; 95% CI, 0.28-3.28).
Duration of Hospitalization
The median duration of hospitalization for the subjects in the cohort was 13 days (6.75-25.25). In bivariable analysis, surgical intervention was associated with an increased duration of hospitalization (P = .025). In multivariable analysis, the impact of surgical intervention was evaluated, after controlling for the differences between those patients who underwent surgical debridement and those who did not (ie, controlled for admission from LTCF, Pitt score, wound location, wound type, and SSTI). Surgical intervention was not significantly associated with duration of hospitalization (ME, 1.1; 95% CI, 0.80-1.52). Outcomes were similar in the colonized and infected groups, although patients with infection had a significantly longer median duration of hospitalization than did colonized patients (14 [IQR, 9-41] and 11 [IQR, 6-22.5]; P = .01) (Supplementary Table 2 ).
DISCUSSION
To our knowledge, this study represents the largest published cohort of CRE soft tissue infection and/or colonization. Subjects in this cohort possessed a high severity of both chronic and acute illness, which is in line with other published studies Abbreviations: CI, confidence interval; CRE, carbapenem-resistant Enterobacteriaceae; OR, odds ratio; PCR, polymerase chain reaction; SSI, surgical-site infection; SSTI, skin and soft tissue infection; TMP-SMZ, trimethoprim-sulfa-methoxazole. a SSI (n = 26) was compared with colonized patients (n = 80); 47 subjects were included in the surgical intervention group and 59 in the nonintervention group of other types of CRE infection [16, 27] . Of particular interest, the majority of patients arrived from LTCFs, which has been reported in other studies [28, 29] and raises concerns regarding interfacility CRE spread. It is notable that outcomes of patients with CRE wound infection and/or colonization were generally very poor. Approximately 16% of subjects died during hospitalization, and approximately one half of subjects who survived were discharged to a location where they needed more supportive care compared with the one from which they were admitted. The degree to which these poor outcomes were attributable to CRE as opposed to other competing conditions is not yet apparent. Nevertheless, these outcomes are very serious because the burden suffered from CRE SSTIs is high. Abboud et al [8] described a cohort of 33 patients with postsurgical mediastinitis due to CRE, mainly CRKP. The mortality rate was higher in their cohort (33%) probably due to the poor outcomes associated with mediasinits [8] .
We observed that approximately one half of subjects underwent surgical debridement. Surgical debridement, which involves the removal of foci of infection and necrotic or nonviable tissue, is widely recognized as an important component of the wound healing process [13, 30, 31] .
It is interesting to note that subject admitted from an LTCF were significantly less likely to undergo debridement compared with subjects admitted from other sites. This association remained statistically significant in subanalysis restricted to subjects with infection, and it trended toward statistical significance in propensity-adjusted multivariable analysis of the entire study cohort. The reason for this association is not clear, but it might relate in part to an increased likelihood of debridement for SSI compared with other types of SSTIs (patients with SSI were significantly more likely to undergo debridement compared with patients with other types of SSTI [OR, 3.93; 95% CI, 1.12-13.78]) and the greater incidence of SSI in the non-LTCF population (28.6%) compared with the LTCF population (10.1%). Nevertheless, in multivariable analysis, after controlling for SSI, the LTCF population remained significantly less likely to undergo debridement. Other explanations might be a decreased clinical need for therapeutic debridement in LTCF subjects (possibly due to wound care performed in the LTCF) and/or a bias by clinicians to avoid surgical intervention in LTCF subjects. Such a bias might be due to a perception by clinicians that LTCF subjects were poor operative candidates and/or that clinical outcomes were poor for this group regardless of them receiving surgical intervention. This bias towards LTCF patients might not have been fully accounted for by other variables in the study (such as Charlson Score and Pitt Bacteremia Score).
Another possibility why LTCF patients might have been less likely to undergo debridement is that there were differences in the virulence of copathogens isolated with CRE from subjects living in an LTCF, SNF, or LTAC compared with community dwellers.
Debridement is an important component of management of both infected and noninfected wounds. Because removal of infected foci of CRE infection has been associated with improved clinical outcomes (such as mortality) [31] , it is important that LTCF subjects are objectively and thoroughly evaluated for surgical debridement of infected wounds.
Our study has some limitations. As a nested cohort study, the analysis was not designed primarily to evaluate SSTIs and therefore lacked data pertaining to wound healing and staging. In addition, the retrospective nature of our review precluded the ability to assess patients' functional status and clinical progress. Moreover, only a minority of study isolates were available for molecular analysis.
CONCLUSIONS
In summary, this study demonstrated that a large proportion of the cohort was admitted from LTCFs, and debridement of wounds occurred at a lower frequency in this population compared with the population of patients not admitted from LTCFs. This finding has potential importance from not only a clinical management perspective but also from an infection prevention perspective, because wounds can serve as mobile reservoirs for CRE, facilitating dissemination of CRE across healthcare settings. In future studies, prospectively identified and monitored cohorts could provide important information regarding the impact CRE SSTIs and the role of surgical debridement in CRE-SSTI cure, particularly among patients admitted from LTCFs.
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